Abstract: Apurinic/apyrimidinic endonuclease 2 (Apex 2) plays a critical role in DNA repair caused by oxidative damage in a variety of human somatic cells. We speculated that chondrocyte Apex 2 may protect against the catabolic process of articular cartilage in osteoarthritis (OA). Higher levels of Apex 2 expression were histologically observed in severely compared with mildly degenerated OA cartilage from STR/OrtCrlj mice, an experimental model which spontaneously develops OA. The immunopositivity of Apex 2 was significantly correlated with the degree of cartilage degeneration. Moreover, the OA-related catabolic factor interleukin-1β induced the expression of Apex 2 in chondrocytes, while Apex 2 silencing using small interfering RNA reduced chondrocyte activity in vitro. The expression of Apex 2 in chondrocytes therefore appears to be associated with the degeneration of articular cartilage and could be induced by an OA-related catabolic factor to protect against the catabolic process of articular cartilage.
Introduction
Osteoarthritis (OA) symptoms and joint destruction become aggravated both as the disease advances and with aging, because damage progresses over time and articular cartilage has a reduced capacity for self-repair. Although it is therefore necessary to establish preventive measures and early treatment strategies against articular cartilage degeneration, effective therapy for the early stages of OA is still being developed. Clarification of the exact pathogenesis of cartilage degeneration and new therapeutic strategies for OA are urgently needed.
Numerous reports have demonstrated that chondrocytes produce excess amounts of reactive oxygen species (ROS) in the form of superoxide, nitric oxide, hydrogen peroxide, and peroxynitrite [1] [2] [3] [4] , as well as proinflammatory cytokines and chemokines in response to the mechanical forces imposed on articular cartilage [5] [6] [7] . This results in the depolymerization of hyaluronic acid and chondrocyte death in OA. The resulting ROS mediates various cellular signaling pathways [8] , but higher levels of ROS can induce oxidative DNA damage leading to cellular apoptosis that contributes to aging, and malignant and degenerative diseases including OA. There is a general consensus that the degeneration of articular cartilage is partially mediated by oxygen free radicals [9, 10] . However, the exact mechanism of ROS-mediated articular cartilage degeneration remains unclear. Moreover, the status of cellular antioxidants in OA chondrocytes is also uncertain.
Oxidative DNA lesions accumulate in nuclear and mitochondrial genomes during aging, and this can increase dramatically in age-related neurodegenerative diseases such as Parkinson's disease [11] [12] [13] and Alzheimer's disease [14] [15] [16] [17] . We previously reported that oxidative DNA damage in chondrocytes accumulates in the degenerated articular cartilage in OA, reducing its maintenance potential [4] . Our in vitro study also indicated that the OA-related catabolic factors interleukin (IL)-1β and hydrogen peroxide (H 2 O 2 ) induce the down-regulation of chondrocyte activity [18] as well as the overexpression of oxidized forms of nucleic acids, guanine (8-oxoguanine), and tyrosine (nitrotyrosine) in chondrocytes.
Oxidative damage to nucleic acids is counteracted by the activity of several enzymes such as apurinic/apyrimidinic (AP) endonuclease 2 (Apex 2). It has been reported that AP sites commonly occur in DNA molecules following spontaneous hydrolysis, DNA damaging agents, or DNA glycosylases that remove specific abnormal bases [19] . AP expression sites are pre-mutagenic lesions that can prevent normal DNA replication from occurring, so cellular mechanisms identify and repair such sites. More recently, it was revealed that Apex 2 is involved in the critically important DNA repair pathway [20] . The base excision repair pathway is largely responsible for the repair of oxidative stress-induced DNA damage, but the molecular mechanism of the DNA damage checkpoint activation had not been elucidated. However, Willis et al. [21] have now provided evidence for the trigger of checkpoint kinase phosphorylation by oxidative stress. They showed that Apex 2 was required for the generation of replication protein and the recruitment of a checkpoint protein complex to DNA damage sites.
We postulated that the change of cellular anti-oxidative activity that occurs through the Apex 2-associated DNA repair pathway in degenerated articular cartilage may, at least in part, participate in OA cartilage degeneration. In the present study, we found that Apex 2 expression in chondrocytes was induced by OA-related catabolic factors in vitro, and was associated with the degeneration of articular cartilage in an in vivo OA mouse model. Furthermore, Apex 2 silencing using small interfering (si)RNA reduced chondrocyte activity in vitro. These findings suggest that Apex 2 may help prevent the catabolic stress-induced down-regulation of chondrocyte activity in OA. Our current study therefore suggests a novel mechanism for oxidative stress-mediated DNA damage in OA.
Results and Discussion

Immunopositivity of Apex 2 (Apurinic/Apyrimidinic Endonuclease 2) Protein in Degenerated Articular Cartilage of Spontaneous OA (Osteoarthritis) Mice
Apex 2 immunopositivity was compared between degenerated and non-degenerated articular cartilage sections in an OA mouse model to understand the relationship between oxidative damage and OA development. In the present study, we used OA model mice, STR/OrtCrlj mice, which spontaneously develop an osteoarthritic process [22] . The STR/ort strain of mouse is an acceptable animal model for studying the development of OA. About 85% of all male mice naturally develop OA in the medial tibial plateau. A number of biochemical features such as matrix proteoglycan depletion by matrix metalloproteinase and aggrecanase are also similar to changes found in human osteoarthritic cartilage. In contrast, spontaneous OA in STR/ort mice seems to be unlikely due to greater vulnerability to mechanical stress. Poulet B. et al. [23] indicated that genetic susceptibility to OA in STR/ort mice was not necessarily linked to a greater vulnerability of articular cartilage to mechanical damage. It is unlikely that an animal model would express all of the features observed in the human OA. Although relative contributions of genetic and mechanical factors to OA still remain unclear, the STR/ort model provides a unique opportunity to investigate the events involved in the initiation of OA and its progression.
OA is characterized by cartilage degeneration, synovial fibrosis, and bone remodeling (osteophyte formation). The osteophyte formation is considered to be a response to the altered joint loading and the changed metabolic microenvironment in the joint. Recent report demonstrated that both transforming growth factor (TGF) and bone morphogenetic factor (BMP)-2 induced the osteophyte formation during the progression of OA [24] . In addition to the confirming the important role of TGF in OA development, it has been reported that transglutaminases-2 (TG2) differently influences cartilage destruction and bone remodeling (osteophyte) in surgical OA model mice following surgically-induced joint instability [25] . However, the role of these three factors, TGF, BMP-2 and TG2, in the cartilage degeneration and bone remodeling in STR/Ort mice (spontaneous OA model mice) remains unknown. Further studies are needed to understand the property and usefulness of STR/Ort mice. [26, 27] .
Faint immunostaining of the Apex 2 protein was observed in normal articular cartilage ( Figure 1A ,B). Most mildly degenerated cartilage showed extremely low Apex 2 immunopositivity while this was much higher in the severely degenerated cartilage. Immunohistochemical analysis revealed that Apex 2 expression was detected in an average of 34% of chondrocytes in the severely degenerated articular cartilage (17 positive cells/50 total cells under high-power magnification) ( Figure 1C,D) . Immunostaining for Apex 2 was most apparent in the degenerated articular cartilage that showed histological changes consistent with OA.
The mean number of Apex 2-positive chondrocytes in the articular cartilage correlated with the degree of cartilage degeneration determined by the modified Mankin score in mice (Figure 2 ). These findings clearly indicate that Apex 2 is expressed in chondrocytes within degenerated articular cartilage, but not in normal cartilage. 
Expression of Apex 2 Protein in OA Chondrocytes
Normal chondrocytes from non-degenerated articular cartilage from patients with traumatic femoral neck fractures did not express Apex 2 protein ( Figure 3A) . Even in the presence of the OA-related catabolic factor IL-1β (10 ng/mL), the expression of Apex 2 in normal chondrocytes was barely detectable at all time-points studied ( Figure 3A) . By contrast, OA chondrocytes spontaneously expressed higher levels of Apex 2 protein ( Figure 3B ).
In those OA chondrocytes treated with IL-1β, the expression of Apex 2 protein temporarily decreased during the first 2 h of incubation but then gradually increased and recovered ( Figure 3C ). These findings suggest that the expression of Apex 2 in chondrocytes is involved in the pathogenesis of OA. Interestingly, the OA-related catabolic factor IL-1β induced the expression of Apex 2 in chondrocytes, indicating that this may also participate in cartilage degeneration.
siRNA-Mediated Downregulation of APEX2 Reduces Chondrocyte Activity
To determine whether Apex 2 is necessary to prevent catabolic factor-induced changes in chondrocyte activity, Apex 2 was silenced using siRNA. Compared with scrambled control siRNA treatment, the siRNA against Apex 2 reduced Apex 2 protein expression by 59%~81% as shown by western blotting ( Figure 4A ). There was no significant difference in the production of proteoglycan from normal chondrocytes between controls and Apex 2 siRNA-treated groups even in the presence or absence of IL-1β ( Figure 4B) . Notably, Apex 2 silencing reduced OA chondrocyte activity by 75% as evaluated by proteoglycan production ( Figure 4C ). These findings suggest that Apex 2 siRNA silencing reduced the production of proteoglycan from OA chondrocytes. Because proteoglycan is a major component of articular cartilage, our results indicate the importance of Apex 2 in chondrocyte activity and the maintenance of articular cartilage. Thus, the downregulation of Apex 2 in chondrocytes appears to be implicated in the development of OA. Although ROS mediate various cellular signaling pathways, higher levels of ROS can induce oxidative DNA damage and the resultant cellular death contributes to malignancy and degenerative diseases. In the present study, we investigated differences in expression of antioxidant error-avoiding mechanisms between normal articular cartilage and OA degenerated cartilage using a specific antibody against Apex 2. The major finding of our study is the accumulation of Apex 2 in OA chondrocytes within the degenerated articular cartilage of OA model mice, suggesting that oxidative DNA damage and depletion of cellular antioxidants are involved in the pathogenesis of OA. The observed Apex 2 immunoreactivity in degenerated cartilage is consistent with previous reports of other diseases. Our results indicate that oxidative damage accumulates in OA degenerated articular cartilage and that Apex 2 does not repair the damage efficiently, which may lead to downregulation of chondrocyte activity and the maintenance potential of OA articular cartilage.
We detected significant changes between control and Apex 2-deficient chondrocytes in terms of proteoglycan production. Our data support a role for Apex 2 in preventing stress-induced chondrocyte dysfunction in human chondrocytes that might be associated with the maintenance of articular cartilage. This extends the work of others by revealing that oxidative stress is involved in the pathogenesis of OA.
Our result indicate that osteoarthritic chondrocytes, but not normal chondrocytes, express Apex 2 and that Apex 2 may, at least in part, participate in the maintenance of chondrocyte activity in OA. Indeed, many reports clearly demonstrated that mechanical force to articular cartilage induced the excess amount of ROS from chondrocytes and that mechanical stress-induce ROS as an oxidative stress damaged chondrocytes and cartilage matrix. We have already observed the overexpression of oxidized forms of nucleic acids, guanine (8-oxoguanine), and tyrosine (nitrotyrosine) in osteoarthritic chondrocytes, but not normal chondrocyte [4] .
Regarding other diseases, DNA repair enzymes are already known to be expressed in neurodegenerative diseases (Parkinson's disease [11] [12] [13] , Alzheimer's disease [14] [15] [16] [17] ). In the present study, we have found that osteoarthritic chondrocytes from degenerated cartilage expressed a higher level of Apex 2 ( Figure 3B ). In contrast to OA chondrocytes, normal chondrocytes from normal articular cartilage did not express the Apex 2 ( Figure 3A) . From these results, we would like to conclude that, in OA condition, chondrocytes in degenerated articular cartilage ubiquitously express Apex 2 in response to OA-associated factors and/or damages. In our opinion, Apex 2 expression may be needed to protect against catabolic stresses, involving the oxidative stress, and against further down-regulation of chondrocyte activity in OA. Thus, we think that marginal change of Apex 2 expression in osteoarthritic chondrocytes may affect chondrocyte activity. Indeed, Apex 2 silencing reduced OA chondrocyte activity (as evaluated by proteoglycan production) in the presence of catabolic factor IL-1β. Although further studies are need to clarify the exact mechanism and involvement of Apex 2 expression in OA chondrocytes, we would like to conclude that expression of Apex 2 may be implicated with pathogenesis of OA.
Experimental Section
Chondrocyte Isolation from Human Articular Cartilage
Human articular cartilage samples were obtained from knee joints during arthroplastic knee surgery for OA (n = 7; mean age, 76.1 years (range, 64-88 years)) and non-degenerated articular cartilage from patients with traumatic femoral neck fracture (n = 4; mean age, 78.8 years (range, 72-83 years)) after obtaining informed consent from patients. All samples were obtained with the informed consent from the patients, and the study protocol was approved by the ethics committee of St. Marianna University.
Human cartilage explants were cut into small pieces, washed with phosphate-buffered saline (PBS) and digested with 1.5 mg/mL collagenase B (Sigma, St. Louis, MO, USA) in Dulbecco's modified Eagle's medium (DMEM) (Sigma) at 37 °C overnight on a shaking platform. The isolated chondrocytes were centrifuged, washed three times with PBS, resuspended and cultured in DMEM supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 25 mM HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid), and 100 U/mL penicillin and streptomycin at 37 °C in a humidified atmosphere of 95% air and 5% CO 2 .
OA Model Mice
The study was performed on STR/OrtCrlj mice, an experimental model which spontaneously develops an osteoarthritic process. Male STR/OrtCrlj mice (12 weeks of age) were purchased from Charles River Japan (Yokohama, Japan). The mice were maintained in a temperature (23-25 °C)-, humidity (40%-60%)-, and light-controlled environment with free access to a moderate fat diet (Japan SLC Co., Ltd., Shizuoka, Japan) and water. They were acclimatized for at least 1 week before the start of the study.
To clarify the involvement of Apex 2 in the progression of cartilage degeneration, we investigated its expression levels in chondrocytes prior to the development of cartilage degeneration in the OA mouse model. Mice were euthanized by administration of diethyl ether at 4, 8, 12, 16, 20, or 24 weeks (n = 4 per time point) after the operation. After harvesting of both knees, the articular bone and cartilage were obtained and paraffin blocks were prepared using standard histologic procedures. STR/OrtCrlj mouse articular cartilage samples with subchondral bone were fixed for 2 days in 4% paraformaldehyde solution and then decalcified in 4% paraformaldehyde containing 0.85% sodium chloride and 10% acetic acid. Subsequently, the tissues were dehydrated in a series of ethanol solutions, infiltrated with xylene, embedded in paraffin and cut into 6-μm sections.
Immunohistochemistry for Apex 2 in Mouse OA Articular Cartilage
For histological examination of the degree of articular cartilage degeneration, some sections were stained with Safranin O-fast green to determine the loss of proteoglycans. Each cartilage sample was evaluated histologically and macroscopically according to the scales of Mankin and Collins (Table 1) [26, 27] . The mean damage score for each animal was used to determine the mean ± standard deviations for each group. Three independent observers assessed cartilage damage in a blinded manner. Serial sections of paraffin-embedded bone and cartilage tissues were cut and immunostained with antibodies against Apex 2. These sections were treated with 3% H 2 O 2 , followed by blocking of nonspecific protein binding with a blocking agent (Protein Block, Dako, Carpinteria, CA, USA). The sections were then incubated with monoclonal antibodies against Apex 2 (1:400 dilution; Abcam Inc., Cambridge, UK) for 1 h at room temperature, followed by incubation with biotinylated goat anti-mouse IgG (Dako) for 30 min at room temperature. After washing with PBS, the sections were incubated with a streptavidin-horseradish peroxidase complex (LSAB2 Kit; Dako) for 10 min at room temperature. Diaminobenzidine (Sigma) was used as a visible peroxidase reaction product, and the sections were counterstained with Mayer's hematoxylin (Sigma). The number of Apex 2-positive cells was counted in five degenerated articular cartilage areas under high-power magnification (×400) for each case, and the mean number of positive cells per high-power field was calculated.
Effects of OA-Related Catabolic Factors on Apex 2 Expression in Chondrocytes
To examine the effects of an OA-related catabolic factor, IL-1β, on Apex 2 expression, chondrocytes were incubated in the presence or absence of IL-1β (10 ng/mL) for 24 h at 37 °C in a humidified atmosphere of 95% air and 5% CO 2 . After harvesting of the cultured cells, protein samples were collected for enzyme-linked immunosorbent assay (ELISA) and immunoblotting analyses.
The expression levels of Apex 2 in chondrocytes were analyzed by western blotting. The antibodies used included polyclonal antibodies against Apex 2 (Abgent, San Diego, CA, USA) and the corresponding secondary antibody conjugated with horseradish peroxidase (DAKO). The antibody-bound protein bands were visualized by X-ray films (Fuji Photo Film Co., Ltd., Tokyo, Japan). Densitometry of the signal bands was determined using ImageJ software [28] .
Transient Apex 2 siRNA Transfection and Western Blotting
Stealth RNAi negative control duplexes that silence Apex 2 and scrambled siRNA controls were purchased from Life Technologies (Carlsbad, CA, USA). All experiments were performed with sense (GCCAUGUGAUCAUUCUGGGUGACCU) and antisense (AGGUCACCCAGAAUGAUCACAU GGC) siRNAs. Briefly, chondrocytes were seeded at 8 × 10 4 cells/6-well plate 24 h before transfection, which was carried out using 40 μL of Lipofectamine 2000 (Life Technologies: Carlsbad, CA, USA), and 100 pmol of siRNA. Cells were harvested by trypsinization after 24 h incubation for protein isolation and determination of the protein concentration, before use in subsequent experiments to clarify the effects of Apex 2 expression on chondrocyte activity.
To determine the efficacy of transient Apex 2 siRNA transfection, the expression levels of Apex 2 protein in chondrocytes were analyzed by western blotting as described above.
Effects of Apex 2 Expression on Chondrocyte Activities
To clarify the effects of Apex 2 on chondrocyte activity, we examined the production levels of the cartilage matrix component proteoglycans in Apex 2 siRNA-treated chondrocytes and control chondrocytes in vitro. Apex 2 siRNA-treated chondrocytes, and positive and negative control chondrocytes were incubated in the presence or absence of IL-1β (10 ng/mL) for 24 h at 37 °C in a humidified atmosphere of 95% air and 5% CO 2 . Subsequently, the conditioned culture medium was collected and stored at −80 °C until required for analysis.
To examine the effects of Apex 2 on chondrocyte anabolic activity, the levels of proteoglycan production by cultured chondrocytes were measured using an ELISA kit (PG EASIA; BioSource Europe S.A., now part of Life Technologies Corporation, Carlsbad, CA, USA) in accordance with the manufacturer's protocol.
Statistical Analysis
The results for each experimental condition were determined from the mean of triplicate trials. Data were expressed as means ± standard deviation. A two-tailed Student's t-test was used to assess the significance of differences between two groups. Analysis of variance was used for comparisons of more than two groups, and differences between two groups within the set were analyzed by a Fisher's protected least-significant difference test. Probability values of <0.05 were considered significant.
Conclusions
In conclusion, our data establish an innovative role for Apex 2 in protecting articular cartilage and chondrocytes against catabolic stress-induced chondrocyte dysfunction in OA.
